Many models have been developed to study spinal cord injury (SCI), such as cryogenic lesioning, hot water injury, scalpel lesioning, compressive trauma using clips, electromecha nical devices, extradural cuffs, and weight-drop techniques. In this study, the radiofrequency (RF) lesion was used for inducing an experimental SCI in cats. The neuropathology was correlated with the MRI. In this model, 4 cats were injured at the thoracic spinal cord (Tll T12) with a lesion of 65°C for 1 min using a micromanipulated penetrating RF electrode. The MRI of the lesions after 2, 3, 5, and 6 weeks post-injury as well as the correlative histological changes were obtained. The RF-induced lesion was discrete with little spreadipg across the spinal cord. There was a good correlation between the histopathology findings and the MRI. We conclude that experimental RF lesioning of the spinal cord can produce a consistent lesion with predictable histopathological changes in experimental animals. A 65°C injury for 1 min induced a clinical picture of an incomplete SCI. The RF lesioning should be considered as a new model to study SCI, particularly those with a penetrating component.
Introduction
Spinal cord injury (SCI) is an important and serious health problem in any country. Although relatively uncommon,' personal, family, and social consequences can be deeply devasting. While motor vehicle accidents account for 40% of SCI, penetrating injuries, such as gunshot wounds, account for 13.6%. 2 Many animal models have been utilized to study the pathophysiology of acute SCI. These models include cuff compression,3 screw compression, partial cord section, pharmacological blockade with ouabain,4 electromagnetic drivers,5 cryogenic injury, 6 heat injury,7 and photochemically induced injury.s Never theless, the most widely used methods are clip compression,9 and the weight-drop method. 1 O This latter technique is based on dropping a known weight from a known distance onto the exposed spinal cord. Nowadays, the weight-drop injury model has become sophisticated, incorporating sensors to assess the parameters of the impact and the biochemical responses of the tissue, J' or using a piston for a fine and consistent control of the impact forceY However, the weight-drop model has shown a great variability in the degree of inflicted trauma related to the weight and the height of the dropped object and the weight of the impactor which rests against the spinal cord. In addition, the energy contained in the falling weight Correspondence: Siavash S Haghighi, Room N 502, Division of Neurosurgery, One Hospital Drive, Columbia, Missouri 65212, USA at the time of the impact is not completely transformed into the traumatic energy transferred to the spinal cord. '3 In this study we used radio frequency (RF) as a technique to induce injury in animals. The variables involved in this method, were time and intensity (voltage) which were fully controlled, hence creating a reproducible experimental SCI. The progression of the RF induced-iI;jury was elevated on a weekly basis using the MRI' which was correlated with the histological changes in each animal.
Materials and methods
F our female conditioned cats weighing 3.4 kg to 4.1 kg were anesthetized and ketamine (15 mg kg, 1M) plus xylazine (1.5 mg kg), and atropine (0.04 mg/kg). To obtain a baseline MRI of the spinal cord, the cats were placed in a supine position on a wooden tray. To facilitate straight alignment of the spine, this tray was angulated at 45° in the center. This procedure resulted in total immobilization of the body with minimal breathing motion, favoring a good magnetic signal acquisition. The images were taken by using a 1.5 tesla machine (Magnetom 42SP. 63SP, Siemens Medical Systems, Erlangen, West Germany). T1 (TR = 450; TE = 15), proton density (TR = 2000; TE = 20), and T2 (TR = 2000; TE = 90) images were obtained.
After the baseline MRI study, the cats were anesthetized using a halothane and oxygen mixture and were transferred to the operating table. They were placed in a prone position and their heads were fixed in a stereotactic frame (Model 1404, David Kopf Instruments, Tujunga, California). The body tempera ture of 36S ± 1 C was maintained by placing the animals on a heating blanket (Aquamatic K-model and K-pad, Gorman Rupp Industries, Belteville, Ohio). The temperature was monitored by a rectal thermometer. The EKG was continously monitored using a standard physiograph. The right cephalic vein was cannulated for the administration of fluids.
Under a light halothane anesthetic, baseline cortical somatosensory evoked potentials (CSEPs) were re corded by placing the active needle electrode in the midline of the scalp. The reference needle electrode was placed in the midline nasal region. The analysis time was 50 msec. Low/high cutoff filters were set at 10 and 500 Hz, respectively. The number of averages were 250. The tibial nerve was stimulated by placing two needle electrodes trans cutaneously in the plantar surface of the right hind paw adjacent to the nerve. An isolated stimulus (0.2 msec in duration at 2.81 Hz) was given at twice motor threshold of 5 to 8 volts using an isolation unit. The CSEPs were recorded by a signal averager (Model 8400, Cadwell Laboratories Inc., Kennewick, Washington). At least two traces were obtained to ensure the reproducibility of cortical evoked responses. After the baseline CSEPs were recorded, and under sterile conditions, a TII-TI2 laminectomy was performed under the microscope. The dura and the underlying dorsal columns at the T11-T12 segments were gently and vertically punctu red using a 25-gauge needle. A 1 mm exposed tip RF electrode (Temperature monitoring electrode, Radio nics, Burlington, Massachusetts) was vertically intro duced at a low speed into the spinal cord using a mechanically driven micromanipulator to 1.5 mm depth. In one cat (animal #3), the electrode was placed at 2.5 mm depth. A thermo-lesion at 65°C for I min was induced using an RF generator (Model RFG-3A V Lesion generator, Radionics, Burlington, MA). After the lesioning, the electrode was gently withdrawn and the epidural fat was placed on the punctured dura to prevent epidural adhesion, and the wound was closed in layers. Immediately after making the RF lesion, CSEPs were recorded. After the injury, animals recovered from the anesthesia. The urinary bladder was expressed in each animal four times a day until full recovery of spontaneous micturition occurred. The motor function of hind limbs were evaluated daily using the modified Tarlov The MRI were repeated, at 2nd, 3rd, 5th, and 6th week post-injury (one cat at each week). Immediately after the second MRI, each animal was euthanized by transcardiac injection of sodium pentobarbital. Ten mm of spinal cord inclusive of the injured segment were immediately removed. The spinal cord segments were fixed in 10% buffered formalin. The spinal segments were transversely sectioned at 3-4 mm intervals and embedded in a single paraffin block. Serial sections were made at 8 -10 /lm thickness utilizing a Reichert 2030 microtome. These sections were stained for Hematoxylin and Eosin. Tissue injury was assessed based on the presence of congestion, hemorrhage, edema, and tissue disruption. Neuronal injury was assessed by examination of the nuclear and cytoplasmic characteristics -cell shape, cytoplasmic density, eosinophilia, presence of Nissl substance and nuclear chromatin density.
Results
All of the cats became paraplegic, as was demonstrated by the loss of hindlimb function, and of bowel and bladder incontinence. Spontaneous micturition re sumed in all of the animals after the 5th day post injury. The CSEPs were abolished immediately after lesioning (Figure 1) . By the 2nd week, gradual clinical recovery was observed, but no cat was able to walk. Only after the 5th and the 6th weeks, the animals could support their weight using their hind limbs and they started to take a few steps (Table 1) .
The baseline (pre-injury) MRI of all animals showed good image quality, particularly in the sagittal views using T2 W with structural differentia tion of the spinal cord, vertebral bodies, and epidural fat ( Figure 2 ). Two weeks post-injury, a penetrating transverse lesion was observed in a sagittal (T2 W) projections (Figure 3a) as a high signal focal area in the center of the spinal cord. Histologically, the electrode track was located at the injury site. The track did not reach the ependymal canal and the gray matter did not show any abnormality. However multiple small microcysts were seen in all of the white matter tissue (Figure 3b) .
Three weeks post-injury, a T2 W sagittal projection depicted an irregular ovoid lesion as a high focal signal located in the dorsal and central region of the spinal cord (Figure 4a ). Histologically, a deeper electrode track was observed corresponding to the gray matter with the existance of some irregular holes replacing the normal tissue. In the white matter many microcysts were found (Figure 5b) .
Six weeks post-injury, the lesion was similar to the 5th week lesion showing a wide and moderately high signal cleft in the sagittal views (Figure 6a ). Histologically, a large hole was found in the center of the dorsal columns, surrounded by necrotic tissue spreading through the neighbouring gray matter. In the remaining white matter, microcysts and demyelination were more numerous and pronounced (Figure 6b ). 
Discussion
After an acute SCI, two separate components of injury occur. These components, termed the primaryl6 and secondaryl? injury contribute to the final neurological outcome.
Almost all models of experimental SCI develop an extended lesion which affects distant areas from the site of the initial injury. This is a major impediment towards experimental modelling for SCI. The problem of variability in the morphological changes occurring with these models limits the interpretation of changes associated with the injury. This problem is even more relevant in creating an injury model which applies to both blunt and penetrating injuries. For example, when the weight-drop technique was used to create a model for posttraumatic syrinx in four cats, only two animals developed central cavitation, while one animal showed only malacic changes without pathological evidence of cyst formation, and the fourth animal had a normal-appearing cord. MRI has been used to study the pathological changes develo�ing after a knife stab wound at the thoracic level?
T2 images which were obtained 2 weeks after this injury demonstrated a bandlike lesion of increased signal. This lesion was representing an intraparenchymal spinal cord edema, and was associated with a good prognosis of neurological recovery. On the contrary, hypo-intense signal in T2 images have been correlated with oxidative changes of hemaglobin, which occurs 10 to 14 days after the injury.28 This usually specifies a severe hemorrhagic lesion with a poor neurolo � ical prognosis.24 As in previous studies, 9 ,30 we have observed an increased signal in T2-weighted images in our study. We found that with the Tl-weighted method, the images appeared as an iso-intensity signal with a low diagnostic value not suitable in experimental SCI studies. In our model, which may resemble a penetrating injury, the RF-induced lesion was discrete with little spreading across other levels of the spinal cord. Meantime, there was a good correlation between the histopathological findings and the MRI.
Taking these into consideration, we believe that experimental RF lesioning of the spinal cord can produce a consistent lesion cross the lesion site which produce predictable histopathological changes. Furthermore, by changing the intensity (voltage) or time one can selectively induce incomplete or complete SCI in experimental animals. Further refinement of the technique by introducing sharper RF electrodes can mlmmlze the problem of variability in experimental SCI.
